Progesterone concentrations after implantation and the observation of live births were used to investigate the reproductive performance and timing of reproductive failure in New Zealand fur seals (Arctocephalus forsteri). Progesterone concentrations in females that gave birth were relatively low during early active gestation (8.6 6 0.9 ng/ml) and increased significantly toward the end of the 1st trimester (14.9 6 0.9 ng/ml). In contrast, progesterone concentrations in females that did not give birth remained low. Estimated pregnancy rates and live births varied significantly between years. In 2000, the overall reproductive success of mature females was low (25.7%) and 42.3% of reproductive failure occurred at or before implantation. In 2001 and 2002, reproductive rates were higher (56.5% and 63.5%, respectively) and reproductive failure was greatest (70% and 89.5%, respectively) in mid-to late active gestation. Reproductive failure during active gestation appears to be the most significant stage in determining reproductive success; however, in years of low reproductive success, failure before or at implantation also contributed significantly to reduced reproductive rates. The finding that significant fetal mortality occurs in late gestation reinforces the caution that the use of pregnancy rates, without consideration for the stage of gestation at which measurements were taken, can positively bias estimates of reproductive rates.
For long-lived mammals, survivorship and fecundity of adult females are critical parameters in modeling population dynamics (Caughley 1980) . Pregnancy rates represent the potential reproductive output of a population, but it is essentially reproductive failure before birth that ultimately determines reproductive rates. Understanding the extent and cause of reproductive failure in a population is therefore essential in accurately predicting population growth.
The New Zealand fur seal (Arctocephalus forsteri Lesson) is the most abundant fur seal species in the Australian-New Zealand region (Ling 1999) . However, between the 18th century and early 20th century, unregulated harvesting for the fur industry decimated populations throughout the region. Since full protection of the species in 1919, populations in Australia have rapidly recovered and are now recolonizing their former range (Warneke 1982) . In Australia, current population estimates based on pup counts are about 57,400 (Goldsworthy et al. 2003) . Despite their increasing abundance and growing importance as a major predator in the marine ecosystem, there are few quantitative data on key population demographic parameters such as pregnancy rates, fecundity, and survivorship. As a result, population models for the species have been based on parameters calculated for other fur seal species (e.g., Goldsworthy et al. 2003) .
In the absence of live birth data, many pinniped demographic studies estimate fecundity by using pregnancy rates (e.g., Lima and Páez 1997; Wickens and York 1997) . Most estimates of pregnancy in pinnipeds have been based on examination of the reproductive tracts from culled or harvested animals, which provide accurate estimates of ovulation and pregnancy rates at the time of sampling. However, depending on the period of sampling, significant periods of reproductive failure may be overlooked (Testa 1987) , thus overestimating reproductive rates (Wickens and York 1997) . Although reproductive failure is known to occur at different times in gestation (Bigg 1969; Craig 1964; Pitcher and Calkins 1981) , qualitative data on the extent and timing of failures to term are rare. Pregnancy rates also vary between populations and years (Bowen et al. 1981; Boyd 1985; Laws and Sinha 1993; Wickens and York 1997 ).
The only pregnancy rate published for the New Zealand fur seal is 69%, which was derived from examination of reproductive tracts of seals caught as fisheries bycatch in New Zealand (Dickie and Dawson 2003) . Full-term pregnancy rates are expected to be lower, because animals were only sampled up until September (mid-active gestation), after which fetal mortality is still expected to occur. However, it is not known to what degree this pregnancy rate positively biases reproductive rates. The estimate also may be biased because of differences in the foraging grounds of pregnant and nonpregnant females and differential overlap with commercial fishing grounds (Dickie and Dawson 2003) . Further estimates from other populations and years are needed as well as an understanding of the extent and timing of reproductive failure.
A number of nondestructive techniques for determining pregnancy have been developed and are used widely in other mammal species (Arthur et al. 1996; Ropstad et al. 1999; Sasser and Ruder 1987) . These techniques include ultrasonic imaging and the measurement of serum progesterone. Concentrations of circulating progesterone during the reproductive cycle of most mammal species depend on the activity and life span of the corpus luteum (Short 1984) . In the absence of fertilization or implantation, the corpus luteum regresses (luteolysis) and the secretion of progesterone decreases, allowing a new ovarian cycle to begin. In some species, the placenta also may secrete progesterone to the extent that the corpus luteum is no longer required for gestation (Heap and Flint 1984) . Differences in circulating progesterone between pregnant and nonpregnant females therefore enable pregnancy to be detected.
Changes in circulating progesterone concentrations over the reproductive cycle have been measured in a number of seal species and have been shown to vary in relation to gestational stage (Boyd 1983 (Boyd , 1984 (Boyd , 1991a (Boyd , 1991b Daniel 1975 Daniel , 1981 Gales et al. 1997; Gardiner et al. 1996; Guinet et al. 1998; Raeside and Ronald 1981) . In otariids, progesterone concentrations are extremely low to undetectable after birth of the pup and for a few days prepartum (Boyd 1991a (Boyd , 1991b Guinet et al. 1998) , and increase rapidly just after ovulation (Boyd 1991a (Boyd , 1991b . After conception, concentrations decrease, but remain detectable throughout embryonic diapause, and increase again just before implantation (Boyd 1991a (Boyd , 1991b Daniel 1975 Daniel , 1981 Gales et al. 1997) . The pattern of progesterone concentrations during active gestation (implanted gestation) is still unclear. After the implantation pulse, progesterone concentrations may decrease (Boyd 1991a (Boyd , 1991b Gales et al. 1997) for a period of time until the corpus luteum, developing placenta, or both, increase or maintain progesterone production (Boyd 1984 (Boyd , 1991b Hobson and Boyd 1984; Reijnders 1990) .
In nonpregnant females, the corpus luteum remains active over a period equivalent to delayed implantation in pregnant females (Craig 1964) . As a result, profiles of progesterone in pregnant and nonpregnant females are indistinguishable between ovulation and implantation (Guinet et al. 1998) . After the implantation progesterone pulse, the corpus luteum is thought to decrease in progesterone secretion and regresses rapidly in the absence of a conceptus or failure of the conceptus to implant (Craig 1964) . The overlap in progesterone concentrations after implantation will depend on the life span of the nonpregnant corpus luteum, the production of progesterone by the developing placenta, or both. In the harbor seal (Phoca vitulina), embryonic diapause lasts 2-3 months (Daniel 1981; Reijnders 1990 ), but the luteal phase in nonpregnant females appears to last for 4-5 months after ovulation, based on progesterone concentrations (Gardiner et al. 1999; Reijnders 1990) . As a result, differences in progesterone concentrations between pregnant and nonpregnant females may not be detectable until 1-2 months after implantation.
Based on progesterone concentrations, pregnancy rates in the harbor seals were estimated to be 79% (Gardiner et al. 1996) . Although pregnancy in females that did not give birth could not be confirmed, estimated pregnancy rates were similar to those reported elsewhere for the species (Gardiner et al. 1996) . Guinet et al. (1998) used a similar method for determining pregnancy in culled South African fur seals (Arctocephalus pusillus pusillus). Pregnancy rates estimated from examination of reproductive tracts (79%) were the same as those estimated from progesterone concentrations (78.6%), although a small proportion of females sampled for progesterone were incorrectly classified as pregnant.
No work has been published on progesterone concentrations in the New Zealand fur seal or on the rate and timing of reproductive failure. The aims of this study were to establish the patterns of serum progesterone concentrations in mature female New Zealand fur seals, over the early postimplantation period, when differences between concentrations in pregnant and nonpregnant animals are expected to occur; to develop a method for classifying pregnant and nonpregnant females based on progesterone profiles observed and to use this method to estimate early active gestation pregnancy rates; and to estimate the timing and extent of reproductive failure in the females sampled based on observations of live births in the following breeding season.
MATERIALS AND METHODS
Population and study area.-Samples were collected over 3 years (2000, 2001, and 2002) Animal capture and sample collection.-Individual seals were captured once during the postimplantation period, between May and August. Seals were captured by using a hoopnet and sedated with Midazolam (Roche Products Pty. Ltd., Sydney, New South Wales, Australia) at 0.1-0.3 mg/kg or remotely immobilized by using Zoletil (Virbac Pty. Ltd. Peakhurst, New South Wales, Australia) at 1.5-2 mg/ kg delivered by a dart gun (Taipan 2000, Tranquil Arms Company, Melbourne, Victoria, Australia). Animals were then restrained by using gas anesthesia (Isoflurane, VCS, Artarmon, New South Wales, Australia) and individually marked by using numbered flipper tags (Supertags, Dalton, Woolgoola, New South Wales, Australia), bleach marks, or both. A 10-ml sample of blood was collected from the caudal gluteal vein by using a nonheparinized syringe and transferred into two 6-ml serum clot activating tubes (Venoject, Terumo Europe, Leuven, Belgium). Blood samples were allowed to sit for 8-12 h until clotted. Serum was then collected and frozen at À208C until analysis. All research was performed in an ethical manner, according to guidelines of the American Society of Mammalogists (Animal Care and Use Committee 1998), and was approved by La Trobe University and South Australia's Department for Environment and Heritage animal ethics committees.
Reproductive cycle.-The 12-month reproductive cycle of the New Zealand fur seal population studied is depicted in Fig. 1 . Pups are born over a 2-month period, between mid-November and late January . Females come into estrus approximately 7 days postpartum (Goldsworthy and Shaughnessy 1994) , after which females enter a period of delayed implantation (Boshier 1981; Boyd 1991b; Crawley 1990; Riedman 1990) . Implantation is thought to occur 4 months later (Daniel 1981; Riedman 1990 ) in early May, and active gestation is estimated to last for 8 months (Daniel 1981) . Lactation occurs throughout most of the gestation period (;10 months -Goldsworthy 1992) . To determine the pattern of progesterone concentrations during active gestation, gestational stage was standardized by expressing sampling date as the number of days prepartum. Because progesterone concentrations were expected to increase over the active gestation period, the sample period was divided into four 26-day blocks, which represented 4 stages in active gestation (Table 1) . For females that did not give birth to a pup, gestational stage was estimated based on the median birth date for the population (26 December). The median date of birth was calculated according to Caughley (1980) based on twice-daily counts of pups over the breeding season.
Reproductive classifications.-Females were classified as sexually mature if they were lactating (milk manually expressed) when captured, or observed nursing a pup in the season of capture or following breeding season. Females not observed with a pup were classified as mature if they were within the size range of other mature females. Females were classified as resident if they were observed with a pup at the study colony in at least 1 year of the 3-year study. Reproductive status was determined by resighting females during twice-daily censuses of the colony, in the breeding season after sample collection. Females were classed as having been pregnant if they were observed with a newborn pup or of unknown pregnancy status if they were not observed with a pup. Resident females not observed during a breeding season but observed in subsequent seasons were considered not to have given birth for the season they skipped (Boyd et al. 1995; Testa 1987) .
For the purpose of this study, reproductive failure is defined as the failure of a sexually mature female to give birth to a live pup. Two types of reproductive failure are defined, following Craig (1964) : missed pregnancies and failed pregnancies. Missed pregnancies include failure to ovulate, conceive, or implant. Failed pregnancies are implanted pregnancies that are resorbed or aborted. Pregnancy rates were calculated as the estimated number of females that implanted and were pregnant at the time of sampling, divided by the total number of females sampled. Only resident mature females were used in the pregnancy analysis. Reproductive rates were calculated as the proportion of adult females sampled in each year that gave birth to live pups.
Radioimmunoassays.-Serum progesterone concentrations were measured in duplicate in 3 assays, by using coated-tube radioimmunoassay kits developed for progesterone measurement in human serum (Spectria, Progesterone RIA, Orion Diagnostica, Espoo, Finland). To increase assay specificity and ensure that measurements coincided with the steepest portion of the standard curve, serum samples were extracted in ethyl acetate and diluted after extraction with MilliQ (Millipore, Billerica, Massachusetts, USA) water (1:4) before assay. A single 750-ll aliquot of each serum sample was added to 8 ml of ethyl acetate (analytical research grade) and vortexed for 10 min. To allow organic and aqueous layers to separate, extractions were left to stand at room temperature for 10 min. Tubes were placed in a mixture of dry ice and ethanol to freeze the aqueous layer. The organic layer was decanted, placed in a water bath at 358C, and dried down under a stream of filtered air. Extracts were resuspended in MilliQ water and diluted 1:4. Addition of a known amount of tracer (labeled ligand) to male serum gave an extraction efficiency of 79.57%.
Assay procedure.-A 50-ll aliquot of each diluted extract and standards were added to the polyclonal (rabbit) progesterone antibody-coated assay tubes and incubated with 500 ll of 125 I-labeled progesterone at room temperature for 2 h. After incubation, assay solutions were decanted and the radioactivity in the antibody-coated tubes was counted for 3 min. Nonspecific binding tubes also were included in each assay and were less than 1% of the total counts for each assay. Validation of the radioimmunoassay.-The sensitivity of the assay, determined as the lowest standard that differed from the zero standard by twice the standard deviation, was 0.2 ng/ml. Serum from juvenile male New Zealand fur seals gave concentrations of progesterone below the sensitivity of each assay. Two solvent blanks (ethyl acetate) also gave values below the sensitivity of each assay. In each assay a duplicate sample of serum from juvenile males was used as a quality control low and the 10-nmol/L standard provided with the kit was used as a quality control high. The quality control high was repeated 3 times in duplicate in each assay to assess assay drift. The interassay coefficient of variation was 6.2% quality control high and 3.4% quality control low (n ¼ 3 assays). The mean intraassay coefficient of variation was 4.2% for the quality control high. Specificity was investigated in 2 ways. Known amounts of progesterone (kit standards) were added to serum from male fur seals and measured directly without extraction and again after extraction and dilution (1:4); and a serum sample from a female with known high progesterone concentration (9.7 ng/ml) was serially diluted in assay buffer at 1:1, 1:2, 1:4, and 1:8 and the dilution curve was examined for parallelism with the standard curve.
Statistical analysis.-Analysis of covariance was used to compare recovery curves and to test for similarities in slope. Because samples were not collected in every active gestational stage in each year, data were pooled across years. Changes in progesterone concentrations over the 4 active gestation stages (Table 1) were examined by using analysis of variance. A Tukey-Kramer post hoc test for unequal sample sizes (Zar 1996) was used to test for mean differences in progesterone concentrations between gestational stages. Because sample sizes for separate stages in active gestation were insufficient to allow statistical analysis of differences between groups, data for stages I and II and for stages III and IV were combined. Student's unpaired t-tests were used to test for differences in progesterone concentrations between combined gestational stages within and between each group. Values are given as mean 6 1 SE. Differences in pregnancy rates, reproductive rates, and classes of reproductive failure between years were analyzed by chisquare analysis. Because counts of missed pregnancies were too small to analyze for differences between years and no significant difference was found in observed reproductive rates between the 2 years (v 2 ¼ 0.41, d.f. ¼ 1, P ¼ 0.52), data from 2001 and 2002 were combined. A probability level of 0.05 was used as the upper limit of significance.
RESULTS
Validation of progesterone assay.-The log-transformed recovery curve of standards in serum from male fur seals was parallel (F ¼ 1.75, d.f. ¼ 1, 6, P ¼ 0.24), but significantly elevated above the standard curve in human serum (F ¼ 35.45, d.f. ¼ 1, 7, P ¼ 0.001), suggesting some degree of nonspecific binding of seal serum to the antibody. Specificity was improved by extraction and dilution of the seal serum (F ¼ 0.03, d.f. ¼ 1, 6, P ¼ 0.88). The relationship between progesterone recovered and that added was significantly linear (P , 0.05) for standards added to serum from male fur seals (y ¼ 0.995x þ 0.022, R 2 ¼ 0.90, where y is the amount of progesterone recovered and x is the amount of progesterone added) and for kit standards prepared in human serum (y ¼ 0.993x þ 0.005, R 2 ¼ 0.99). Parallelism between kit progesterone standards and progesterone in fur seal serum also was demonstrated by serial dilution of a sample from a known-pregnant female. The slope of the regression between percentage binding and log of the expected progesterone concentration was parallel to the standard curve
Progesterone profile over early active gestation.-Of the 156 blood samples collected from resident adult females, 81 were from females that gave birth (known pregnant) and 75 were from females that did not give birth (unknown pregnancy status; sizes of samples analyzed for each gestational stage are given in Table 1 ). Because no significant differences were found in progesterone concentrations between years, when sampling block was taken into consideration, for females that gave birth (F ¼ 0.20, d.f. ¼ 2, 75, P ¼ 0.82) or for females that did not give birth (F ¼ 0.16, d.f. ¼ 2, 69, P ¼ 0.86), data from the 3 years were pooled for each gestational stage.
Progesterone concentrations in females that subsequently gave birth varied significantly over the 4 active gestation stages (F ¼ 6.25, d.f. ¼ 3, 77, P ¼ 0.001; Fig. 2 ). Mean progesterone concentrations were relatively low and not significantly different (t ¼ 1.94, d.f. ¼ 23, P ¼ 0.065) between the postimplantation and mid-1st trimester stages and increased significantly (t ¼ 2.59, d.f. ¼ 63, P ¼ 0.012) toward the end of the 1st trimester. The mean progesterone concentration during the combined postimplantation and mid-1st trimester period was 8.62 6 0.97 ng/ml (range 3.03-20.34 ng/ml, n ¼ 25), significantly lower (t ¼ 4.09, d.f. ¼ 79, P ¼ 0.000) than the progesterone concentration observed in females during the combined late 1st trimester and early 2nd trimester period (14.87 6 0.92 ng/ml, range 2.59-29.85 ng/ml, n ¼ 56). The overlap in the range of concentrations between the 2 gestation periods is due to a few low values of progesterone at the beginning of the late 1st trimester period. For females that did not give birth to a live pup, progesterone concentrations did not vary significantly over the 4 early active gestational stages Fig. 2) . Over the combined postimplantation and mid-1st trimester period, no significant difference was found in the mean progesterone concentration measured in females that gave birth and those that did not (t ¼ 0.53, d.f. ¼ 51, P ¼ 0.60). However, progesterone concentrations in females that subsequently gave birth were significantly higher than in females that did not, during the combined late 1st trimester and early 2nd trimester period (t ¼ 3.3, d.f. ¼ 101, P ¼ 0.001). Differences in progesterone concentrations were apparent between the 2 groups at approximately 180 days prepartum (Fig. 2) ; about 1.5 months after implantation. In terms of the average reproductive cycle, this separation in progesterone concentrations is estimated to have occurred by 29 June (Fig. 1) . Elevated progesterone concentrations in pregnant females that did not subsequently give birth may mask any earlier decrease in progesterone concentrations in nonpregnant females. Therefore, 29 June is likely to be a conservative estimate.
Pregnancy rates.-Given the observed profile of serum progesterone concentrations, it is reasonable to suggest that progesterone concentrations in females sampled after 29 June may be used to predict pregnancy. The lowest progesterone concentration for a female sampled after 29 June that subsequently gave birth was 6 ng/ml. This value was taken as the minimum concentration of serum progesterone required to maintain pregnancy during the early active gestation period.
When using the criterion above, of the 110 females sampled after 29 June (35 in 2000, 23 in 2001, and 52 in 2003), 85.5% (n ¼ 94) were diagnosed as pregnant and 14.5% (n ¼ 16) as either nonpregnant, having failed to implant, or aborted before 29 June (missed pregnancies). All adult females that missed pregnancies were considered to have ovulated because all of their progesterone concentrations were above those measured in juvenile females. Pregnancy rates after 29 June varied between years, with rates lowest in 2000 (68.6%) and increasing in 2001 (86.9%) and 2002 (96.2%; Fig. 3 ). Observed reproductive rate in the following breeding season reflected the same trend, with 25.7% giving birth to a live pup in 2000-2001, 56.5% in 2001-2002, and 63.5% in 2002-2003 (Fig. 3) Fig. 3 ). In the year before a season of low reproductive rate (2000), pregnancy rates were low (68.6%) and pregnancy failure in mid-to late active gestation contributed to 57.7% of reproductive failure, not significantly different (v 2 ¼ 0.62, d.f. ¼ 1, P ¼ 0.43) from the number of missed pregnancies (42.3%; Fig. 3) . Therefore, the pattern of reproductive failure also was significantly different in the year of low observed reproductive rate compared to the years of higher observed reproductive rate
Previous reproductive history.
-Of the 110 females tested for pregnancy, 103 were known to have given birth in the breeding season before sampling because they were lactating on capture or were observed nursing a pup. Of the 7 females for which previous reproductive history could not be confirmed, 4 were diagnosed as pregnant and gave birth in the following season, 1 aborted in mid-to late gestation, and 2 missed pregnancies.
DISCUSSION
Progesterone profile.-Progesterone concentrations in females that successfully gave birth increased significantly approximately 1.5 months after implantation and remained elevated for at least the following 1.5 months (until early in the 2nd trimester). Elevated progesterone concentrations during the early to mid-active gestation period in pregnant New Zealand fur seals were similar to concentrations measured in studies of pregnant South African fur seals (Guinet et al. 1998) , Antarctic fur seals (Arctocephalus gazelle-Boyd 1991a), and northern fur seals (Callorhinus ursinus-Daniel 1975 . In contrast, progesterone concentrations in females that did not give birth remained at the lower immediate postimplantation concentrations. This suggests that the corpus luteum of pregnancy increases in progesterone production soon after postimplantation, the developing placenta contributes to circulating progesterone, or both.
The facility of the corpus luteum to produce progesterone depends on its health and life span (Johnson and Everitt 1995) . Only 2 studies have been conducted on reproductive tract anatomy of the New Zealand fur seal. Dickie and Dawson (2003) concluded that the anatomy and development of the ovaries and corpus luteum were similar to that of other pinniped species, but provided no information on the timing of regression of the corpus luteum. In a pregnant female sampled in August, Mattlin (1978) found a corpus luteum in the ovary associated with the fetus. The corpus luteum was larger than that found in females sampled in January; however, no mention is made of the condition of the corpus luteum. In October, a nonpregnant female was sampled and no corpus luteum was found.
In the northern fur seal, the corpus luteum of pregnancy increases in size after implantation (Craig 1964) , which is accompanied by increasing progesterone concentrations (Daniel 1975 (Daniel , 1981 . By 3 months postimplantation, the corpus luteum has begun to regress (Daniel 1975; Yoshida et al. 1978) , suggesting that the placenta probably secretes progesterone to maintain pregnancy to term. This also has been suggested for other pinniped species (Boyd 1984; Hobson and Boyd 1984; Laws and Sinha 1993; Reijnders 1990 ). In the subantarctic fur seal (Arctocephalus tropicalis) and Cape fur seal (Arctocephalus pusillus), the corpus luteum of pregnancy also increases in size after implantation, but does not appear to regress until 1-2 months before parturition (Bester 1995; Odendaal et al. 2002) . However, the size of the corpus luteum may not reliably reflect secretory activity (Bester 1995) . In the process of regression, luteal tissue undergoes vacuolization and invasion by connective tissue, which may result in little change in size although its steroid hormone production is affected (Craig 1964) .
In nonpregnant fur seals or females that fail to implant, the corpus luteum is thought to decrease in progesterone secretion and regresses rapidly shortly after implantation (Craig 1964) . In our study, any decrease in progesterone concentrations due to luteolysis in nonpregnant females or females that failed to implant would be masked, because a large proportion of females that did not give birth were most likely pregnant at the time of sampling (aborting later in gestation). In nonpregnant northern fur seals the corpus luteum also is regressing by 3 months postimplantation but appears smaller than the regressing corpus luteum of pregnancy (Craig 1964) . This was also the case for females that had aborted or resorbed pregnancies shortly after implantation (Craig 1964) . In the process of luteal regression, luteal cell loss does not occur until after the corpus luteum loses its capacity to synthesize and secrete progesterone (Niswender et al. 2000) . This suggests that a decrease in progesterone secretion by the nonpregnant corpus luteum may occur shortly after the implantation pulse and sooner than any drop in the regressing pregnant corpus luteum.
We cannot separate increases in progesterone concentrations due to increased production of progesterone by the corpus luteum from that potentially produced by the placenta. However, we have demonstrated that a significant difference in circulating progesterone concentrations between females that successfully gave birth and females that did not was detectable 1.5 months postimplantation, which is similar to the period of overlap observed in pregnant and nonpregnant harbor seals (Gardiner et al. 1999; Reijnders 1990 ).
Potential error and biases in pregnancy testing.-The pattern and absolute concentrations of progesterone over the gestation period vary considerably between individuals and species (Boyd 1991a; Daniel 1981; Raeside and Ronald 1981; Reijnders 1990 ) and it is not known why (Johnson and Everitt 1995) . The range of progesterone concentrations required to maintain pregnancy, during gestation, is unknown for the New Zealand fur seal. The minimum concentration required to maintain pregnancy over the late 1st trimester-early 2nd trimester period may be lower than 6 ng/ml; however, over the 3-year study no females with progesterone values below 6 ng/ml maintained a pregnancy to term. Although progesterone concentrations may not facilitate precise detection of pregnancy (Guinet et al. 1998) , they appear to reflect pregnancy viability.
A significant separation of progesterone concentrations observed in females that gave birth and females that did not occurred 1.5 months after the estimated implantation date. We do not know the exact time of implantation in the New Zealand fur seal or the duration over which implantation may occur in the population studied. The timing of implantation in the New Zealand fur seal is likely to be affected by maternal age and condition, age of the unimplanted blastocyst, and day length (Boyd 1991b; York and Scheffer 1997) . The mean progesterone concentrations observed during the first 2 sampling blocks, in females that gave birth (9 ng/ml) and females that did not (8 ng/ml), are lower than progesterone concentrations observed during the progesterone implantation pulse in northern fur seals (25-30 ng/ml -Daniel 1975 -Daniel , 1981 and Antarctic fur seals (35 ng/ml-Boyd 1991a). This suggests that we have sampled after the implantation pulse, even for females whose gestational or estrous stage was calculated from median pupping dates. Because of the expected masking of lowered progesterone concentrations by females that were pregnant but aborted later in pregnancy, separation of concentrations may in fact occur at an earlier date. Errors in pregnancy classification due to overlapping progesterone concentrations of pregnant and nonpregnant females measured after 29 June are therefore expected to be small.
We also have assumed that pregnant and nonpregnant females are equally represented in the breeding colony. Little is known about the temporal or spatial separation of pregnant and nonpregnant individuals; however, observations by one of us (JM) of tagged animals at breeding colonies and haul-out areas suggest that nonbreeding and senescent females regularly return to the Cape Gantheaume colony during winter.
Pregnancy rate.-Postimplantation pregnancy rates for sexually mature New Zealand fur seals were lowest in 2000 (68.6%) and highest in 2003 (96.2%). Published pregnancy rates for pinnipeds range from 69% to 94% (Bester 1995; Bowen et al. 1981; Boyd 1985; Laws and Sinha 1993; Wickens and York 1997) . However, care must be taken in comparing pregnancy rates, because estimates vary depending on the time and location of sampling, and the method of pregnancy determination (Wickens and York 1997; York 1983) . The pregnancy rate of 69%, calculated for New Zealand fur seals sampled in 1996 by Dickie and Dawson (2003) , is the same as our estimated rate for 2000 but is relatively low compared to our estimates for normal pup production years and compared to estimates reported for other fur seal species. Because their sample included animals collected both before and after implantation, we would expect their estimates to be slightly higher. The difference in pregnancy rates estimated by the 2 studies may reflect differences in sampling females at sea and sampling females from breeding colonies. Differences in age distribution of females sampled also may contribute to the observed differences. Among fur seal species, including the New Zealand fur seal, pregnancy rates are lower in immature females (Dickie and Dawson 2003; Páez 1995, 1997; Lunn et al. 1994; Wickens and York 1997) . This may indicate that our samples were biased toward mature parous females. At the time of analysis reported here, ages of sampled animals were not available.
Interannual differences in pregnancy rates also have been reported for other seal species (Boyd 1985; Lima and Páez 1995) . In the South American fur seal (Arctocephalus australis), pregnancy rates between years ranged from 52% to 82% (Lima and Páez 1995) . Samples were collected from animals harvested at breeding colonies and over a similar reproductive time period as our study. Our lowest pregnancy rate of 68.6% in 2000 was similar to intermediate pregnancy rates observed in South American fur seals (68-72%). However, our highest pregnancy rate (96.2%) was higher than the highest rate observed in the South American fur seal (82%).
Overall, 59% of the New Zealand fur seal females diagnosed as pregnant in mid-winter in this study failed to carry their fetuses to term. In years of high observed reproductive rate, the difference between pregnancy rate and observed reproductive rate was 32%. In the year of low observed reproductive rate, fetal mortality reduced the reproductive rate by 43%. Apart from a few studies of captive individuals, no other study has tested wild seals for pregnancy and followed the same individuals through to term with the aim of calculating fetal mortality. For a few species (Weddell seals [Leptonychotes weddelli]-Testa 1987, and Antarctic fur seals- Lunn et al. 1994; Payne 1977) , pregnancy rates and reproductive rates have been calculated separately and differences between rates suggest that fetal mortality occurs. However, correction factors based on published pregnancy and reproductive rates calculated for separate populations and years may bias fecundity estimates because the extent and timing of reproductive failure is likely to vary between populations and years.
Timing and extent of reproductive failure.-Ovulation rates in mature female pinnipeds are generally high (95-100%) and show little variation between years (Bester 1995; Bowen et al. 1981; Boyd 1985; Craig 1964; Dickie and Dawson 2003; Guinet et al. 1998; Rand 1955) . Conception rates also are likely to be equally high in mature females, considering that parturition and mating are highly synchronized. Boyd (1991b) suggested that the critical stage at which reproduction is affected greatest by extrinsic factors is implantation, whereas Guinet et al. (1998) suggested that abortions during active gestation may also play a significant role in reproductive failure. Results from the present study also suggest that a considerable level of fetal mortality occurs during the later stages of gestation in the New Zealand fur seal.
In the New Zealand fur seal population studied, reproductive failure in mature females was estimated to be 39% in years of high observed reproductive rate. The greatest percentage of failures (83%) was estimated to occur in mid-to late gestation. In contrast, in the year of lower observed reproductive rate, reproductive failure was 74% and the pattern of timing was very different from that in high observed reproductive rate years. Reproductive failure before or around implantation was higher (42% compared to 10-30%) and mid-to late gestation abortions were less common than in other years (58% compared to 70-90%), because fewer females had implanted. However, the percentage of females that were still pregnant by implantation, but aborted later in gestation, was considerably higher (62%) than in the years of high observed reproductive rate (34%).
In the Steller sea lion (Eumetopias jubatus), Pitcher and Calkins (1981) calculated pregnancy rates in mature females based on culled samples collected throughout active gestation. Initial early postimplantation pregnancy rates were 95%, after which monthly prenatal mortality was estimated to be 4.7% (assuming a linear relationship- Pitcher and Calkins 1981) . Their projected reproductive rate of 63% suggested that 32% of females failed to remain pregnant during the active gestation period, which is the same as our estimate for the New Zealand fur seal during years of normal observed reproductive rate.
In years of normal observed reproductive rate, 4-13% of mature females in our study failed to implant, which is similar to rates observed in the Cape fur seal (16%- Odendaal et al. 2002) , northern fur seal (11.5%-York and Scheffer 1997), and the Steller sea lion (5%- Pitcher and Calkins 1981) . In contrast, missed pregnancies in the year of low observed reproductive rate (31%) in this study were 2-8 times higher. In the Cape fur seal, 32% of mature females examined during the period of preimplantation and implantation were not pregnant (Rand 1955) . However, Rand (1955) suggests that minute blastocysts may have been missed during dissections or disturbance during sample collection may have caused females to abort. Samples also were collected over 2-3 years and data were pooled, thereby obscuring any possible interannual differences.
Estimates of the timing and number of abortions in a population based on observation of live animals are rare, because pertinent data are inherently difficult to collect (McCafferty 1999) . Aborted fetuses during late gestation were commonly observed in the Cape Gantheaume colony between August and December. No attempt was made to estimate abortion rates over this time from observed fetuses, because of difficulties in observation, unequal effort, and scavenging by birds and cats. However, these observations support our findings that reproductive failure commonly occurs between mid-active gestation and the breeding season.
Overlooking this period of significant fetal mortality would considerably overestimate pregnancy rates for the population studied. If we had used early active gestation pregnancy rates to estimates reproductive rates, without adjusting for fetal mortality, reproductive success would have been overestimated by 30-43%. This finding supports the caution of Wickens and York (1997) that the use of pregnancy rates without consideration for the timing of data collection can positively bias estimates of reproductive rates. Our finding that significant reproductive failure occurs during the later stages of gestation impacts on previous estimates of reproductive success in pinnipeds where no steps were taken to control for the stage of gestation at which measurements were taken.
Factors affecting reproductive failure.-Apart from inherent deficiencies of the conceptus, diseases, and anatomical abnormalities of the reproductive tract, inadequate maternal support is generally the cause of reproductive failure in mammals (Short 1984) . Undernutrition during fetal and neonatal development may also impact on the subsequent reproductive performance of offspring. Nutritional intake and reproductive success are therefore closely linked in mammalian reproduction (Widdowson 1981) . Interannual differences in pup production in pinnipeds have been related to food shortages (Guinet et al. 1998; Lunn and Boyd 1993; Lunn et al. 1994; Trillmich and Ono 1991) , and poor body condition (Guinet et al. 1998 ). In 2000, dietary studies of female New Zealand fur seals at Cape Gantheaume suggested that a common fish prey species (redbait [Emmelichthys nitidus nitidus Richardson]) was less abundant than in 2001 (Page et al. 2005 . Average weights of pups born at Cape Gantheaume in the breeding season 2000-2001 also were below the average for the previous 13 seasons (Shaughnessy and Dennis 2001) . Because low food availability can result in lowered nutritional intake and increased energy expenditure (Lunn and Boyd 1993; Lunn et al. 1994) , maternal support at implantation and over active gestation may have been reduced in 2000.
Our finding that significantly more abortions occur during the later stages of gestation is in contrast to the generalized pattern postulated by Boyd (1991b) , that implantation is the point at which extrinsic factors have their greatest impact on reproduction. Implantation and early gestation are generally less energetically expensive compared to later stages of gestation (Widdowson 1981) . Undernutrition is therefore more likely to come into effect as gestation progresses and energetic demands increase. This is probably truer for pinniped species that have an extended lactation period such as the New Zealand fur seal. Other factors such as age and reproductive history of a female also may influence the impact of extrinsic factors on reproductive success. To examine the role of nutritional stress in reproductive failure, a more comprehensive longitudinal study is required than is presented here. Analysis of the effect and interaction between maternal age, body condition, reproductive history, and environmental variability on the timing and extent of reproductive failure will be presented in a separate paper.
